It has been demonstrated that vanadate causes nephrotoxicity. Vanadate inhibits renal sodium potassium adenosine triphosphatase (Na, K-ATPase) activity and this is more pronounced in injured renal tissues. Cardiac cyclic adenosine monophosphate (cAMP) is enhanced by vanadate, while increased cAMP suppresses Na, K-ATPase action in renal tubular cells. There are no in vivo data collectively demonstrating the effect of vanadate on renal cAMP levels; on the abundance of the alpha 1 isoform (α 1 ) of the Na, K-ATPase protein or its cellular localization; or on renal tissue injury. In this study, rats received a normal saline solution or vanadate (5 mg/kg BW) by intraperitoneal injection for 10 days. Levels of vanadium, cAMP, and malondialdehyde (MDA), a marker of lipid peroxidation were measured in renal tissues. Protein abundance and the localization of renal α 1 -Na, K-ATPase was determined by Western blot and immunohistochemistry, respectively. Renal tissue injury was examined by histological evaluation and renal function was assessed by blood biochemical parameters. Rats treated with vanadate had markedly increased vanadium levels in their plasma, urine, and renal tissues. Vanadate significantly induced renal cAMP and MDA accumulation, whereas the protein level of α 1 -Na, K-ATPase was suppressed. Vanadate caused renal damage, azotemia, hypokalemia, and hypophosphatemia. Fractional excretions of all studied electrolytes were increased with vanadate administration. These in vivo findings demonstrate that vanadate might suppress renal α 1 -Na, K-ATPase protein functionally by enhancing cAMP and structurally by augmenting lipid peroxidation.
INTRODUCTION
Vanadate, an oxyanion derivative of vanadium, is present at various concentrations in soil, water, air, plants, animals and human tissue (1, 2) . It has been demonstrated that vanadate is a potent inhibitor of H, K-ATPase activity (3, 4) . A previous study showed that chronic vanadate administration reduced the collecting tubule H, K-ATPase activity and induced hypokalemic distal renal tubular acidosis (5) . Moreover, vanadate also is a potent blocker of Na, K-ATPase (6, 7) . In renal tissue homogenate, vanadate diminished Na, K-ATPase activity in a dose dependent response (8) . Chronic vanadate administration inhibited Na, K-ATPase activity in microdissected collecting ducts (5) . Histochemistry revealed that rats exposed to vanadate had reduced Na, K-ATPase protein immunoreactivity in morphologically altered nephrons (9) . In addition, vanadate increased lipid peroxidation presented as malondialdehyde (MDA) levels and caused renal tissue damages (10) (11) (12) (13) .
In the heart, vanadate stimulated adenylate cyclase and enhanced cAMP levels (14) (15) (16) . In the kidney, administration of cAMP caused a reduction in Na, K-ATPase activity in the medullary thick ascending limb and in the cortical collecting ducts (17) . However, there are no in vivo studies of cAMP concentration in renal tissues after vanadate administration.
There is currently no single study that documents the in vivo effect of vanadate on renal cAMP levels, α 1 -Na, KATPase protein abundance/localization, and renal tissue injury. Therefore, this study examined rat kidneys 10 days following injection of normal saline or vanadate. Western blot analysis and immunohistochemistry were performed to determine the protein abundance and the localization of renal α 1 -Na, K-ATPase. Tissue accumulations of vanadium, cAMP, and MDA were measured. Renal tissue injury and renal function were also examined.
MATERIALS AND METHODS
Experimental design. Male Wistar rats weighing 2002 40 g (National Center of Scientific Use of Animals, Mahidol University, Nakornpathom, Thailand) were given a conventional diet and housing. All animal protocols were approved by the Ethics Committee of Research, Chulalongkorn University, Bangkok, Thailand (permit number 108/2000). The rats were maintained at 23~25 o C under a light-dark cycle of 12 hr, and the animals were allowed ad libitum access to laboratory chow and water. Normal serum creatinine for rats is < 1 mg/dL (18) (19) (20) . The rats were divided into two groups (n = 8/group): sham (normal saline solution; NSS: 0.5 mL/kg BW by intraperitoneal injection; i.p.); and vanadate (5 mg/kg BW; diluted in NSS; i.p.). Both groups received their treatment for 10 days. We used this dose of vanadate as previously performed in the study on renal H, K-ATPase protein expression (21) . Therefore, in the present investigation, we further examine the effect of this dose on renal cAMP levels, α 1 -Na, K-ATPase protein abundance/localization, and renal tissue injury.
One day before the experiment, the rats were placed in metabolic cages for 24-hr urine collection. On the date of the experiment, they were anesthetized by thiopental (100 mg/kg BW; i.p.). Plasma samples collected from the abdominal aorta were stored at −80 o C until they were measured for vanadium levels using an atomic absorption spectrophotometer (Model 4110ZLAA spectrometer, Perkin-Elmer Co., Ueberlingen, Germany). Blood and urine chemistry were measured via an indirect method (Model CX3, Beckman, Krefeld, Germany) (18) (19) (20) (21) .
The kidneys were removed. Half of each kidney was fixed in liquid nitrogen and then stored at −80 o C until measurement of α1-Na, K-ATPase protein abundance by Western blot analysis. The other half of the renal tissue was fixed in 10% paraformaldehyde for determination of protein localization by immunohistochemistry and for renal injury by histopathological examination. Vanadium levels in renal tissue samples from the cortex and the medulla were also measured as previously described (21) .
Western blot analysis. Protein abundance was detected using 8% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) as previously described (18) (19) (20) . The proteins were transferred onto nitrocellulose membranes (Bio-Rad, Hercules, CA, USA) and then the membranes were incubated with a primary monoclonal antibody to α 1 -Na, K-ATPase (C464.6; 1:2500; Millipore, Temecula, CA, USA) (19) or to β-actin (Santa Cruz Biotechnology, Dallas, TX, USA), followed by the respective horseradish peroxidase-linked secondary antibody (BioRad). Immunoreactive proteins were detected by chemiluminescence (SuperSignal West Pico kit; Pierce, Rockford, IL, USA) and documented using a molecular imager ChemiDoc XRS system (Bio-Rad). The relative protein level of α 1 -Na, K-ATPase in each sample is presented as a percentage of the control normalized to its β-actin content (18) (19) (20) .
Immunohistochemical study. Detection of protein localization was performed as previously described (18) (19) (20) . Paraffin-embedded kidney sections were cut to 4 μm in thickness. The slides were deparaffinized, and endogenous peroxidase was blocked by treatment with 3% H 2 O 2 . The sections were incubated with the primary antibody of α 1 -Na, K-ATPase (1:2000; Millipore) at 4 o C overnight followed by the respective horseradish peroxidase-linked secondary antibody (Bio-Rad) and then reacted with 3, 3'-diaminobenzidine (DAB) solution (Sigma, St. Louis, MO, USA). The immunostaining intensity was scored in a blinded manner on a semi-quantitative five-tiered grading scale from 0 to 4 (0 = negative; 1 = trace; 2 = weak; 3 = moderate; 4 = strong) as previously described (18) (19) (20) .
Malondialdehyde (MDA) measurement. MDA levels in the kidney were determined by following a protocol as previously described for the thiobarbituric acid reaction method and were used as an indicator of lipid peroxidation (LPO) (22) . In brief, the renal tissues were weighed and homogenized in 1.15% KCl (1 g of renal tissue in 9 mL of KCl) for 1 min. A 0.2 mL aliquot of the homogenate was added to a reaction mixture containing 0.2 mL of 8.1% sodium dodecyl sulfate (w/v), 1.5 mL of 20% acetic acid (v/v), 1.5 mL of 0.8% thiobarbituric acid (w/v), and 0.6 mL of distilled water. The samples were mixed vigorously and then heated in a water bath (WNB10, Memmert, Schwabach, Germany) at 95 o C for 60 min. After cooling with tap water, the samples were added to 1 mL of distilled water and 5 mL of a mixture of n-butanol and pyridine (15:1, v/v; Sigma) and shaken vigorously (at least 1 min).
plSSN: 1976-8257 eISSN: 2234-2753 mouse monoclonal antibody. During the incubation, the monoclonal antibody binds to the goat anti-mouse antibody coating the microplate. Following a wash to remove excess conjugate and unbound sample, the substrate solution is added to the wells to determine the bound enzyme activity. The color development was stopped and the absorbance was read at 450 nm. The concentration of cAMP was reported as nmol/mg protein. Measurements of all samples were conducted in duplicate.
Morphological evaluation. Renal morphological changes were assessed using longitudinal, 4-μm thick kidney sections stained with Periodic Acid-Schiff (PAS) as previously described (22, 23) .
Statistical analysis.
The results from parameters of blood, urine, tissue, and renal α 1 -Na, K-ATPase protein abundance were expressed as the mean ± SD. Statistical
The mixtures were centrifuged at 1,200 g for 15 min. The organic layer was removed and the absorbance at 532 nm was measured with a spectrophotometer (Optima Inc, SP3000plus, Tokyo, Japan). A standard curve of 0 to 200 nmol/mL malondialdehyde bis(dimethyl acetal 99%; Sigma) in water was prepared. The content of LPO was reported as nmol of MDA per mg of protein. Measurements of all samples were conducted in duplicate (22) .
Cyclic adenosine monophosphate (cAMP) measurement. Renal cAMP concentrations were measured by an enzyme-linked immunosorbent assay (ELISA) following the manufacturer's protocol (Mouse/rat cAMP Parameter Assay Kit, KGE 012B; R&D system; Minneapolis, MN, USA). The principle of this assay is based on a competitive binding technique in which the cAMP that is present in a sample or standard competes with a fixed amount of horseradish peroxidase-labeled cAMP for sites on a differences between the groups were assessed by an ANOVA (analysis of variance) with a post hoc comparison by Tukey's test when appropriate. A p value of < 0.05 was considered statistically significant. Statistical tests were conducted using SPSS program version 22.0 (SPSS Inc, Chicago, IL, USA). The median staining intensity (score) of renal α 1 -Na, K-ATPase protein levels was presented as previously described (18) (19) (20) .
RESULTS
Changes in blood and tissue biochemistry and renal function parameters. As illustrated in Table 1 , 10-day vanadate administration significantly increased vanadium levels in plasma, urine, and renal tissues. The cortical region had more vanadium deposition (from 0.18 ± 0.03 μg/g dry wt. to 114.73 ± 4.39 μg/g dry wt.; p < 0.001) than the medulla area (from 0.57 ± 0.09 μg/g dry wt. to 26.49 ± 4.65 μg/g dry wt.; p < 0.01). Vanadate induced tissue cAMP accumulation approximately two times in both the cortex (from 0.33 ± 0.02 nmol/mg protein to 0.77 ± 0.13 nmol/ mg protein; p < 0.05) and the medulla (from 0.35 ± 0.01 nmol/mg protein to 0.63 ± 0.04 nmol/mg protein; p < 0.05). Blood urea nitrogen and creatinine levels were doubled by vanadate. Vanadate caused hypokalemia (from 3.85 ± 0.22 mmol/L to 3.00 ± 0.11 mmol/L; p < 0.01) and hypophosphatemia (from 8.91 ± 0.12 mg/dL to 7.67 ± 0.28 mg/dL; p < 0.05). Vanadate induced kaliuresis and natriuresis (Table 2 ). Fractional excretions of phosphate, bicarbonate, and chloride were markedly enhanced, whereas plasma sodium, chloride, bicarbonate, urine flow rate, and blood pH remained unchanged after vanadate treatment.
Protein abundance of renal α 1 -Na, K-ATPase. Western blot analysis revealed that vanadate significantly reduced renal α 1 -Na, K-ATPase protein abundance relative to the sham group, from 100% to 79 ± 5% (n = 8/group) in the vanadate group (p < 0.05), as illustrated at 110 kDa (Fig. 1) .
Protein localization of renal α 1 -Na, K-ATPase. The immunohistochemical detection of α 1 -Na, K-ATPase protein localization in renal tissues is shown in Fig. 2 . The protein was observed in the tubular epithelium and in the vasculature but not in the glomeruli. Immunostaining of α 1 -Na, K-ATPase protein was present at the basolateral membranes in both the cortex and medulla. In the cortex of the sham group (Fig. 2A, Table 3 ), staining was strong (score = 4) in the distal convoluted tubules (DCT) and the cortical collecting ducts (CCD), whereas staining was moderate (score = 3) in the proximal convoluted tubules (PCT) and only in a trace level (score = 1) in the peritubular capillary (Pcap). Vanadate completely abolished α 1 -Na, K-ATPase protein immunoreactivity in the PCT and Pcap, while immunostaining in the DCT and the CCD was reduced to moderate levels (Fig. 2D) .
In the outer medulla of the sham group, the intensity score was 4 in the thick ascending limb of the loop of Henle (TALH) and in the medullary collecting ducts (MCD), while the score was 3 in the proximal straight tubules (PTs) (Fig. 2B, Table 3 ). Vanadate suppressed the immunoreactivity in the PTs from 3 to 1 (Fig. 2E ). In the inner medulla, vanadate reduced the staining from 4 to 3 in the MCD (Fig. 2C, 2F ). The intensity scores in the TALH, the vasa recta, and the thin limb of the loop of Henle (tLH) remained unchanged.
Evaluation of lipid peroxidation levels and renal morphology.
Vanadate significantly enhanced renal MDA levels in both the cortex (from 35.96 ± 0.95 nmol/g wet wt. to 65.46 ± 6.34 nmol/g wet wt.; p < 0.05) and the medulla (from 18.39 ± 0.31 nmol/g wet wt. to 50.18 ± 0.66 nmol/g wet wt.; p < 0.05) ( Table 1 ). The renal histopathological lesions are shown in Fig. 3 . In the cortex, vanadate induced glomerular hypertrophy, loss of brush border membrane of proximal tubules, tubular cell swelling, dilatation, and cytoplasmic vacuolization (Fig. 3D) . In the outer medulla, vanadate demolished brush border membranes of the PTs, while the lumen of TALH was expanded (Fig. 3E) . General morphology of the inner medulla was maintained. Some collecting ducts presented with edema (Fig. 3F) .
DISCUSSION
This is the first in vivo study to simultaneously examine the effect of vanadate on renal α 1 -Na, K-ATPase protein abundance/localization, on renal cAMP and MDA levels, and on renal tissue injury. Vanadate administration for 10 days can significantly suppress renal α 1 -Na, K-ATPase protein abundance (Fig. 1) , diminish α 1 -Na, K-ATPase immunostaning intensity in both the cortex and medulla (Fig. 2) , enhance cAMP accumulation (Table 1) , augment renal MDA levels (Table 1) , and induce renal histopathological lesions (Fig. 3) .
Our present study is the first to demonstrate that vanadate induces cAMP accumulation in the kidney approximately two-fold (Table 1) . It have been shown that cAMP could influence on Na, K-ATPase property. In vitro stud- Table 3 . Median staining intensity (score) of renal α 1 -Na, KATPase protein expression of the rats after 10 days of vanadate injection (n = 5/group) Median staining intensity (score) Inner medulla
Staining intensity scores: 0 = negative, no reactivity; 1 = trace, faint or pale brown staining with less membrane reactivity; 2 = weak, light brown staining with incomplete membrane reactivity; 3 = moderate, shaded of brown staining of intermediate darkness with usually almost complete membrane reactivity; 4 = strong, dark brown to black staining with usually complete membrane pattern, producing a thick outline of the cell (18) (19) (20) ies showed that cAMP inhibits Na, K-ATPase activity in the CCD, the liver's and brain's plasma membranes of rats (17, 24, 25) . The suggested mechanisms that cAMP reduces Na, K-ATPase activity have been proposed. Cyclic AMP phosphorylates Ser943 on the α subunit of Na, K-ATPase and reduces its activity in the rat TALH (26,27). Moreover, in renal tubular cells, cAMP-regulated phosphoprotein inhibited Na, K-ATPase activity by inactivating protein phosphatase-1 (28). In addition, vanadate can directly block a conformational change on the cytoplasmic side of unphosphorylated Na, K-ATPase (29-31). Therefore, it is likely that vanadate can inhibit Na, K-ATPase action via both the indirect (via increased cAMP) and direct pathways. The present study is the first to show that vanadateinduced cAMP accumulation diminished α 1 -Na, K-ATPase protein abundance in the rat kidney. The precise mechanism that vanadate reduces this protein remained unveiled. Histological evaluation of the kidneys illustrated that vanadate induced structural damage to the glomeruli and especially to the proximal tubules (Fig. 3D, 3E ). It has been reported that proximal tubules are the main site of action of vanadate in the nephron (32) . Several studies documented that vanadate induces more cellular cytotoxicity in the proximal tubules than in the other segments (9, 33, 34) . Interestingly, the present results show that the suppression of α 1 -Na, K-ATPase protein was pronounced in the proximal tubules with morphological changes (Fig.  2D, 2E , Table 3 ). This result suggests another mechanism in which vanadate reduces α 1 -Na, K-ATPase protein levels through the direct destruction of renal tissues.
Compared with the sham group, the toxicity of vanadium producing lipid peroxidation in our present study resulted in MDA accumulation in renal tissues (Table 1) . These data are consistent with previous studies (35, 36) . Vanadium is a trace metal in the environment and in biological systems that readily undergoes redox reactions in the presence of reductants, oxygen, or reduced products (1, 2, 37) . Vanadate induced lipid peroxidation is due to vanadate-stimulated oxidation of substances produced free radical molecules. It has been shown that in vitro vanadium oxidizes thiols and NAD(P)H through free radical mechanisms (38) (39) (40) (41) (42) . A previous study demonstrated that vanadate enhances tissue destruction via free radicalinduced DNA damage (43) . Collectively, the enhanced lipid peroxidation in the present study may be a potential factor underlying vanadate toxicity.
The consequences of vanadate-induced kidney injury in the present study caused increases in blood urea nitrogen, plasma creatinine, and fractional excretion of all studied electrolytes (Table 1, 2) . Notably, vanadate-induced hypokalemia (Table 1 ) may be due to the inhibitory effect on H, K-ATPase activity via competitively binding with ATP at the catalytic site (44) .
In conclusion, these in vivo findings demonstrate that vanadate stimulates renal cAMP and MDA accumulation but suppresses renal α 1 -Na, K-ATPase protein levels. Vanadate contributes to structural and functional deterioration of the kidney. 
